Triple-helix formation can in principle serve as a general method for sequence-specific recognition and physical separation of duplex DNA molecules. Realization of this goal depends on how much the triplex is destabilized by mismatches and other defects (specificity) and on finding conditions in which perfect complexes are stable and defect complexes are not (stringency). We have addressed the question of specificity by determining the difference in free energy between perfect and defect complexes by using UV melting curves and equilibrium competition experiments. We find that third strands that bind with either single-base bulges or single mismatches are destabilized relative to the perfect triplex by 2.5-2.9 and 3.2-4.0 kcal/mol (1 cal = 4.184 J), respectively, essentially equivalent to the corresponding values determined for duplex DNA and RNA. Also, we present a method, referred to as stringency clamping, which maintains specific binding under conditions far from normal stringency. To do this, we provide for the formation of a competing structure involving the third strand with stability between that of the perfect and imperfect complexes; the competitive interaction effectively prevents triplex formation at imperfect sites even far below their melting temperature. We illustrate the phenomenon with three different stringency clamps, two of which compete for the all-pyrimidine third strand through Watson-Crick pairing and one that competes through all-pyrimidine pairing at acidic pH.
essentially equivalent to the corresponding values determined for duplex DNA and RNA. Also, we present a method, referred to as stringency clamping, which maintains specific binding under conditions far from normal stringency. To do this, we provide for the formation of a competing structure involving the third strand with stability between that of the perfect and imperfect complexes; the competitive interaction effectively prevents triplex formation at imperfect sites even far below their melting temperature. We illustrate the phenomenon with three different stringency clamps, two of which compete for the all-pyrimidine third strand through Watson-Crick pairing and one that competes through all-pyrimidine pairing at acidic pH.
We demonstrate physical separation of two duplex DNA molecules differing by a single base pair in their target sequence for triple-helix formation.
Site-speciflic recognition of DNA via oligonucleotidedirected triple-helix formation has been demonstrated (1, 2) . Triplex formation occurs when an oligopyrimidine strand binds to the major groove of polypurine-polypyrimidine sites of duplex DNA. The complexes formed may be intramolecular, as in the H-form model (3) , or intermolecular when a third strand is mixed with a matching duplex site. The triplex-forming pyrimidine strand is bound parallel to the purine strand via Hoogsteen hydrogen bonding (1) (2) (3) (4) (5) (6) (7) (8) (9) .
Triplex formation presents the possibility to design molecules that recognize their duplex sites with a higher sequence specificity than known DNA binding/cutting proteins recognize theirs. Achievement of this specificity requires two factors: there must be a large free energy penalty for binding to sites that differ from the target sequence by as little as a single base pair, and one must find conditions that are stringent, in which perfect complexes form and defect complexes do not. Stringency is normally achieved by searching for conditions that are below the melting temperature (tm) of the perfect complex but above that of the imperfect complex.
The window of conditions where stringency occurs depends on both the defect free energy penalty (AAG0) and the enthalpy of formation (AHl) of the triplex. Increasing the length of the triplex increases AMH and therefore decreases the difference in tm between perfect and defect structures, even though the free energy difference between the two remains constant. The result is that as one increases the triplex length to increase specificity, the region where stringency occurs becomes more and more narrow. A strategy that would keep the system stringently partitioned under conditions outside this narrow window would be useful for probing and essential for physical separation. Physical separation based on triplex formation may be inconsistent with normal stringent conditions because the lifetime of the complex is short when one is obliged to operate near its tm.
In triplexes in which a pyrimidine strand binds a target duplex, the difference in thermal stability between perfect and defect complexes has been characterized (1, 10, 11) . The free energy penalty for defect incorporation has not been systematically determined prior to this analysis.
We have quantitatively determined the specificity of triplex binding and find it to be approximately equal to that of DNA duplex formation. Thus, the difference in free energy between perfect and defect triplexes (denoted AAG0) is large enough that a very high level of specificity is theoretically possible. Furthermore, we demonstrate that we can achieve this level of specificity under conditions that are far from normal stringency if we provide for a competing secondary structure involving the third strand. We term this effect "stringency clamping" and make use of it to purify a desired duplex away from a competing molecule, differing by 1 base pair, to approximately the thermodynamic limit-namely, by a factor equal to the ratio Kperfect/Kdefect.
MATERIALS AND METHODS
Oligonucleotides. All DNA used was synthesized on an Applied Biosystems 380B DNA synthesizer with cyanoethyl phosphoramidite chemistry and standard procedures. Deprotected samples were purified by denaturing PAGE and desalted with a Sep-Pak C-18 cartridge. The concentration of each sample was determined by using extinction coefficients calculated from dinucleotide absorbances (12 The melting data were treated with a simple statistical mechanical approach to multiple equilibria (13) (3) hairpin + third strand (2) K2 ± coil + third strand. [2] (1) In the competition assay (see Fig. 2A ) samples were made containing various amounts of defect third strand and a fixed concentration of both WC28 (600 nM) ( Table 1 ) and 32p-labeled PY12 (300 nM). The fraction of perfect triplex defeated was determined from the cpm of the bands according
These data were then fit by comparison to a theoretical curve corresponding to a particular value of AAG0 (see Fig. 2B ). Gel and incubation conditions for the band shift experiments (see Fig. 4B ) were the same as the competition experiments, except that the temperature was 50C.
Affinity Chromatography. These experiments were performed with biotinylated PY12 and streptavidin agarose (Sigma). An oligonucleotide with a 5' amino group was synthesized using the Aminolink 2 reagent (Applied Biosystems) and was derivatized with N-hydroxysuccinimidobiotin (Sigma) to yield a 5'-biotinylated oligonucleotide. The sample was purified on a Sephadex G-25 column to remove unreacted N-hydroxysuccinimidobiotin by denaturing PAGE to remove unreacted oligonucleotide and desalted as described above. The biotinylated PY12 was annealed with a mixture of two 32P-labeled hairpins ofdifferent lengths and loaded on the column, which was washed with 1x NAE (pH 5.0) to remove unbound hairpin DNA. Bound hairpin DNA was eluted with 10 mM Tris-HCl/1 mM EDTA, pH 8.0 (lx TE, pH 8.0), which disrupts triplex formation. pH 5.0 and 8.0 washes were concentrated and run on denaturing polyacrylamide gel to resolve the hairpins (see Fig. 5 ).
RESULTS AND DISCUSSION Specficity of Triplex Formation. A measure of the specificity of triplex formation is the destabilization induced when small defects are introduced in the structure. The difference in free energy between perfect and defect complexes dictates the maximum amount of selectivity one could achieve in separating the two sequences. We have determined the difference in free energy between perfect and defect sites (AAG0) by two methods-absorbance melting curves and
Underlined bases indicate those that differ from the WC28-PY12 construct.
Proc. Natl. Acad Sci. USA 88 (1991) Proc. Natl. Acad. Sci. USA 88 (1991) 9399 equilibrium competition experiments-with good agreement between the two methods. DNA Sequences. Table 1 shows the sequences selected for study. Hairpin-forming sequences were chosen as the Watson-Crick double-helix sites so the transition from doublehelix melting would be higher in temperature than the transition from third-strand dissociation. The hairpins WCAT28 and GTA28 differ from the reference sequence WC28 by single base-pair changes (underlined in Table 1 ). PY12 is the reference "perfect match" third strand. The intramolecular stringency clamp sequences provide for Watson-Crick hairpin-helix formation in the third strand (HPPY17) and an antiparallel hairpin-helix pyrimidine self-structure that is stable at the acidic pH values used (PY28). The third stringency clamp is R12, the Watson-Crick complement of PY12. The sequences listed as "defect binders" provide mismatches or bulge defects in the third strand when combined with WC28.
Melting Curves and van't Hoff Analysis. The results ofvan't Hoff analysis of the melting curves in Fig. 1 and others are shown in Table 2 . The AH' of the triplex transition reflects three factors: (i) the enthalpy of triplex formation, (ii) the enthalpy ofdeprotonation ofcytosine (4.5 kcal/mol) (14) , and (iii) the enthalpy of protonation of the buffer (-0.5 kcal/mol for acetate). At pH 5.0, -24% of the cytosines will be protonated in the free strand (assuming they are independent and the pKa of each is 4.5). Thus, the melting of the triplex is accompanied by the deprotonation of six cytosines and the protonation of six acetate molecules. From this argument, we estimate that the corrected enthalpy of triplex formation is 4.7 kcal/mol-base (6.7 kcal/mol-base uncorrected). It should be noted that our overall van't Hoff enthalpy is in good agreement with both the van't Hoff enthalpy (15, 16) and the calorimetric enthalpy (24) measured on different systems; the overall enthalpy is expected to be a function of the enthalpy of ionization of the buffer.
The enthalpy of triplex formation in sequences containing one or two bulges is the same as in the perfect triplex, while in those containing mispairings it is decreased. Since the enthalpy of helix formation is dominated by stacking interactions, the lack of effect on the enthalpy from bulges suggests that the bulge does not significantly disturb stacking in the helix and may in fact be extruded. NMR data of T bulges in duplex DNA indicate that they can be extruded from the helix (17, 18) . Similarly, the decrease in enthalpy for triplexes with mismatches (5-10 kcal/mol) may be explained if their presence disrupts one or two stacking interactions. that the defect binding must be stable and it cannot be in equilibrium with a secondary structure more stable than imperfect triplex binding. For some of the defect strands tested, either or both ofthese factors prevents observation of competition (e.g., PYGC12 in Fig. 2A ).
Comparison of Equilibrium Competition Data and Melting Curves. The free energy penalty for introducing a particular defect obtained by both methods is displayed in Table 3 according to the type of base mismatch or bulge(s). In all cases, the AMG0 values from melting and competition experiments agree within experimental error. Enthalpies smaller or larger than the calculated van't Hoff enthalpies would produce AAG'an't Hoff values inconsistent with the gel data.
The results in Tables 2 and 3 indicate that the specificity of triple-helix formation rivals that of double-helical nucleic acids. The penalty for several duplex mismatches has been measured in DNA (19) and in RNA (20) . In both cases, the penalty for most single mispairing events falls between 2.7 and 3.8 kcal/mol, compared with 3.2-4.0 kcal/mol for the triplex. The penalty for a single pyrimidine bulge in duplex RNA (21, 22) and DNA (18) ranges from 2.8 to 3.5 kcal/mol, which is essentially the same as the triplex value of 2.5-3.0 kcal/mol (after correction for degeneracy at Q positions; Gisolated bue =A dGegenerate bulge + RTlnQ). From these data, we conclude that DNA triple-helix formation is as specific as DNA duplex formation.
The relative stability of triplexes follows a simple trend: perfect > single bulge > single mismatch > double bulge > double mismatch. Among the single mismatches, the destabilization is uniformly between 3.2 and 4.0 kcal/mol. The tm of these complexes is lower than the perfect by 13-17°C. The only mismatch triplet discernably more stable than the others is the G-GC triplet. The uniformity of mismatch destabilization is not in agreement with previous Fe(II)-EDTA cleavage experiments, which suggested the G-TA triplet was unusually stable (11) . Our free energy assignments also differ slightly from those derived from two-dimensional gel analysis of H-form DNA (23) , where the MG' values reflect both formation of the indicated defect triplex and denaturation of a slightly different duplex. The value for triplex formation alone cannot be directly obtained from the data as in the case of our experiments.
Several sequences tested did not show detectable triplehelix formation. 12PY, a strand with sequence polarity opposite that of PY12, gave no triplex formation, confirming that the third strand binds parallel to the double-helix purine strand. Two sequences designed to incorporate two mismatches displayed only* transitions observed in the third strand alone. Purine strands (R12 and 12R) were examined for binding to the hairpin duplex in 100 mM sodium phosphate buffer (pH 7.0) with and without 5 mM Mg2'. Neither strand produced a transition other than that of the hairpin or showed altered mobility on native PAGE.
Stringency Clamping. Fig. 2A shows that the oligomer PYGC12 shows no observable ability to compete with the perfect triplex. In these cases, the pyrimidine strands were found to form selfcomplexes of equal or greater stability than anticipated for the defect triplex, as revealed by melting curves (data not shown). We infer that the stable self structure prohibits defect triplex formation in a competitive fashion, even though conditions were such that we would predict Proc. Natl. Acad. Sci. USA 88 (1991) Proc. Natl. Acad. Sci. USA 88 (1991) 9401 PYGC12 self structure is to extend the range of stringency well below the expected tm of the defect triplex. Thus, if one could design an alternative secondary structure into the third strand that had stability between perfect and defect complexes, it would act to clamp the stringency over a broad range ofconditions by means ofcompetition. For this reason, we refer to these secondary structures as stringency clamps (Fig. 3) .
We chose three secondary structures as potential clamps (Fig. 4A) . Using native PAGE, we tested our ability to maintain binding at a perfect site (WC28) while suppressing binding at a defect site (WCAT28) that differs by a single base pair (Fig. 4B) . In the absence of clamp, both perfect and defect sites show near complete occupancy. In the presence of each of the clamps a-c, the perfect sites remain occupied, while little defect triplex is formed.
Physical Separation of DNA Based on Triplex Formation. The ability to work with highly stable and specific complexes presents the possibility of physically isolating specific DNA sequences by using triplex formation. To test this possibility, we synthesized a pyrimidine oligonucleotide with a biotin linked to the 5' end (biotin-PY12). This was annealed in the presence of WC32 and WCAT28 and isolated by elution through a streptavidin-agarose microcolumn. The bound hairpins were liberated by washes with lx TE, pH 8.0.
To test the effect of stringency clamping, we incubated biotin-PY12 with two hairpin duplexes in the presence and absence ofclamp (here R12). WC32 has a perfect binding site, while WCAT28 has a binding site differing in a single base pair from the perfect one. The results of experiments with five columns are shown in Fig. 5 . Column 5 (lanes 6 and 11) is a control containing no biotin-PY12 to assay background. In the absence of clamp, significant amounts of the unwanted target duplex are isolated (lanes 7 and 9). In the presence of clamp, very little incorrect duplex is isolated while the target sequence is retained with -75% yield. The enrichment of perfect/defect demonstrated in lane 10 is >150-fold, which corresponds to the thermodynamic limit within the error of the experiment, given the free energy difference between !-1 2 It is clear that triple-helix formation has the inherent specificity (in free energy terms) to achieve site-specific recognition at levels well beyond known restriction enzymes. Utilization of this specificity by conventional stringency search may be problematic because the window of stringent conditions becomes more and more narrow as the probe length is increased (due to the increasing enthalpy of binding). We have shown that single base specificity is achievable over a wide range of conditions by stringency clamping. We demonstrate the utility of stringency clamping by isolating a desired site from a complex mixture under very nonstringent conditions.
